The ability of the complex hierarchical structure of nacre to withstand huge work of fracture beyond its constituent materials has generated much interest in its growth mechanism and biomimicry studies. However, the structural features directly involved in the robust mechanical properties have not been successfully identified or emulate in biomimetic materials. In the current article, we present the characterisation of a novel nanostructure framework in nacre of Perna canaliculus after chemical etching. The inner structure of the nacre platelet reveals a crystalline three-dimensional framework of orientated fibrous aragonite crystals, which shows that the hierarchical structure at the nano-scale level is much more complex than researchers previously thought. Fracture analysis shows that the fibrous aragonite framework remains largely intact, which indicates the strengthening nature of the elusive internal structure. The discovery of the nano-scale highly ordered structure could be the key to understanding the toughening mechanism in nacre and could serve as a guide to the future biomimetic design of nacre-like, high strength, tough, composite materials.
Introduction
The structured biological material system is a fascinating creation of nature that bestows the abilities of multi-functionality, hierarchical organisation, and adaptability for its own survival. 1 The fundamental requirement for biological materials to assemble into complex hierarchical structures lies in their ability to self-organise from the molecular level up. 2 Furthermore, natural materials can remodel and adapt in response to changing environmental conditions. 3 Nacre, also known as the mother-of-pearl, is a kind of mollusc shell material that has been studied extensively by both biologists and material scientists. Earlier characterisation research on nacre's structure-mechanical properties relationship by Currey 4 and Jackson et al. 5 generated much interest with stunning results of 3000-times improvement in the work of fracture as compared to its ceramic constituent and an impressive ability to stop fast travelling cracks owing to the change in material orientation. The biocomposite material has a brick-and-mortar-like structure with up to 95% by volume brittle inorganic polygonal aragonite (a polymorph of calcium carbonate) and a few percent of matrix materials consisting of several types of soft organic biopolymers. For centuries, researchers have marvelled at nacre's complex hierarchical structure and its abilities to enhance the toughness of the brittle monolithic ceramic material. A unique feature that sets nacre apart from synthetically structured composites is the ability to achieve significant toughening with little or no compromise of strength. Biomimetic nacre-based structured materials have been studied extensively in the research community. Although structured biological materials have appeared to be a viable template in the enhancement of the mechanical properties of brittle ceramics, improvement in toughness without a sacrificial loss in strength is seldom observed. An important feature of structured biological materials that has often been overlooked in biomimetic materials is the complexity of the hierarchical structure ranging from nano-scale up to microscale. The hierarchical structure is vital as the structures at different scale levels interact with and complement one another, providing a synergetic improvement of the mechanical properties. 6 Many articles have reported biomimetics of nacre's brick-and-mortar structure; [7] [8] [9] [10] [11] [12] however, in most cases only marginal improvements in toughness were achieved and often experienced a sacrificial reduction in strength of the ceramic constituent. Most researchers would agree that the magnitude of enhancement of mechanical properties in nacre is still unrivalled by any man-made ceramic composites and the structure-property behaviour of nacre is still not well-understood. 6, 13, 14 While one could argue that the low enhancement is owing to imperfection in the artificially fabricated brick-and-mortar structure, the author believes that there is still much to be explored within nacre's complex hierarchical structure. The study of the inner structure at the nano-scale level is a vital key to unlocking the mystery behind the huge toughening capability of mollusc shells beyond their constituent materials.
Experimental

Materials and methods
Nacre from the marine mollusc shell of Perna canaliculus, also known as green-lipped mussel, was used in the current study. The shell was firstly sawed into equal square plates measuring 5 mm by 5 mm, followed by grinding away of the outer layers using abrasive paper and polishing to reveal the nacreous layer distinguishable by a highly iridescent surface. Multiple samples were prepared from the same P. canaliculus mollusc shell for consistency. A chemical etching approach was used to study the nanostructure of nacre beyond the 'brick-and-mortar' microstructure, which is highly famed for its ability to enhance toughness. 1, 2, 5, 15 The methods of etching nacre have been reported in several papers, some of which include the use of citric acid, 16 EDTA, 17, 18 NaOH, 19 HCl, 19 and plasma. 15 Chemical etching of the nacreous layer requires careful preparation of the etchant concentration and control of the etching duration. The samples were etched with different durations from a minimum of 1 minute up to a maximum of 1 hour to study the progression of the etching on the nacre structure. SEM images of non-etched nacre surface were also collected for comparison. Citric acid (C 6 H 8 O 7 ) powder from Sigma-Aldrich (ACS reagent, anhydrous, >99.5%) was used to prepare for the chemical etch. The etchant used was freshly prepared for each individual sample by dissolving powdered citric acid with deionised water. The optimal concentration to observe the gradual etch of the nacre structure was found to be around 0.3 moles per litre. Calcium citrate, the product of the reaction, is slightly soluble and can be removed by rinsing with water after the etching process.
Characterisation SEM and XRD were used extensively in the current research to characterise the hierarchical structure of nacre before and after the etching process. Characterisation of the surface morphology and crystallography were done using a high-resolution field emission scanning electron microscope from JEOL (JSM-7600F, Japan), which can achieve a resolution of up to 1 nm, and X-ray diffraction in reflection mode on a Bruker AXS diffractometer (D8 Advance, Germany) fitted with Cu-tube, CuKα (λ = 0.154 nm), radiation.
Results and discussion
XRD spectra of nacre after being finely ground with an agate mortar and pestle were used to compare the highly orientated aragonite platelets in the nacreous layer with randomly orientated aragonite crystals. X-ray diffraction, as shown in Fig. 1 , was used to characterise the nacreous layer of P. canaliculus, which consists mainly of aragonite crystals after removal of the outer layers of chitin and calcite.
The nacreous layer of mollusc shells is known to consist of up to 95% aragonite crystals by volume. 5 The XRD profile of the nacreous layer of P. canaliculus matches with the crystallographic data (ICDD 00-005-0453) for aragonite crystal. aragonite. 21 The difference in crystallography between the single crystal and biologically-growth aragonite could be owing to the presence of trace amount of large divalent cations, such as Ba, Sr, and Pb, 20, 21 which replace the Ca atoms during the biomineralisation process, thus resulting in higher lattice parameters and cell volume. Nevertheless, the XRD result shows that the nacreous layer of P. canaliculus consists largely of orientated crystalline aragonite, which is the focus of the current study. SEM images of the non-etched P. canaliculus nacreous surface are shown in Fig. 2(a) and (e). Individual nacreous platelets can vaguely be seen from the image contrast at the platelet boundary. The hexagonal-shaped platelets are highlighted yellow in Fig. 2(e) for clarity. Each side of the platelet shows an almost perfect hexagonal shape with six equal sides. The width of the platelets was measured to be around 3.2 μm.
The etching process can generally be classified into three different stages. Initial etching of the nacreous layer, as shown in Fig. 2(b) and (f), reveals rows of alternating platelets of different morphologies. The difference in morphology observed is likely owing to the difference in crystal orientation, which affects the etching rate. A study by Hou and Feng 16 on Mytilus edulis similarly observed two types of nacre platelet that are characterised by their respective preferred orientation during the growth process. Yao et al., 22 however, observed three distinct orientations on the nacre surface of Haliotis rufescens, which indicated that the number of crystallographic orientations on a nacre surface could differ in different mollusc species. In some instances, two or more platelets of the same morphology could be found adjacent to each other. One explanation of such phenomena is the presence of mineral bridges between platelets, which allow growing nacre platelets to take up the orientation of their immediate neighbour during the mineralisation process. Experimental result from Younis et al. 23 proved that crystallographic orientations of adjacent nacre platelets connected by the mineral bridges are only slightly tilted to each other, within ±5°. Therefore, the etching rate of the two different types of morphology observed is likely attributed to the two crystallographic orientations in nacre of P. canaliculus. Nanoparticles with size ranging from 50 to 100 nm were observed, in agreement with the results obtained by Addadi, Joester, Nudelman and Weiner, 17 typically observed for the mineralisation process from an amorphous precursor.
In the second stage of the etching process, as shown in Fig. 2(c) and (g), nanoparticles of aragonite crystal are subsequently removed to reveal branching fibrous aragonite and a polymeric membrane at the core of each nacre platelet. The polymeric membrane is an aragonite nucleating protein as suggested by earlier research. 24, 25 Closer observation of the fibrous aragonite shows a hint of the orderly arrangement that will be explained in detail later in the article. Although both the nanoparticles and fibrous aragonite share the same constituent, CaCO 3 , the nanoparticles were etched at a slightly faster rate. This is due to the presence of organic inclusion 23 and matrix, 26 consisting of proteins and polysaccharides, which aided in the accelerated removal of the aragonite nanoparticles. On the other hand, solid fibrous aragonite has a slower etching rate, which is shown in the SEM images. At the last stage of the etching process, as shown in Fig. 2(d) and (h), both the nanoparticles and fibrous minerals are dissolved by the etchant, which is expected as calcium carbonate reacted with citric acid. Some of the fibrous aragonite, however, could still be observed showing the strong resistance to the etchant by the close-packing fibrous aragonite. The discovery of a highly ordered fibrous or needle-like CaCO 3 growth in nacre is a significant novel finding. The reason that such complex structured aragonite-aragonite have not been observed in any earlier research could be the strong similarity in its constituent material. Another possible reason could be the variation in nacre growth mechanism that is unique to certain species of molluscs. Fig. 3 shows the XRD of the nacre surface before and after etching for different durations. The chart shows increasing peak intensity, most notably on the (110) and (012) peaks, as the duration of etching lengthens. The increase in crystallinity is indicative of the stripping of the organic inclusions and matrix, revealing the crystalline aragonite within the nacre platelets. Etching beyond 30 min shows a variation in peak intensities, from the rise in the (110) peak and the drop in the (012) peak, indicating a change in the preferred orientation. The XRD matches the SEM observation, indicating the removal of organic components and a change in orientation owing to the appearance of fibrous aragonite.
The nacre growth process is known to be able to form fibrous 26, 27 CaCO 3 via an amorphous CaCO 3 precursor. In an earlier work on the study of Pinna nobilis mollusc shells by Hovden, Wolf, Holtz, Marin, Muller and Estroff, 26 they describe how the assembly process of fibre-like polycrystalline configuration was driven by aggregation of nanoparticles of size 50 nm to 80 nm within an organic matrix. This coincides with the bamboo-like fibre observed in our SEM images. However, contrary to the 'disordered' needle-like geometry that was described in their article, the fibrous aragonite crystals observed in the current research, as shown in Fig. 4 , are highly organised and consistent in shape and size. Each hexagonal platelet contains six rows of fibres packed in a six-fold rotational symmetry pattern around its core at an angle of 60°. Each row holds a cluster of fibres stacking one over another in parallel with slight misalignment of around ±0.3 μm. The length of each side of the hexagonal shape was measured and estimated to be around 2.0 μm. Earlier research by Mutvei has similarly shown that individual nacre platelets could subdivide into varying amounts of crystalline sectors ranging from 2 to 50; 28 however, no ordered shape and size could be identified, unlike the findings in the current study. This is the first report of such highly ordered and complex arrangement of aragonite crystal in the nacreous layer of P. canaliculus mollusc shells to the knowledge of the author. Fig. 5 (a) and (b) show the fracture edge of P. canaliculus nacreous layer before and after etching. Short vertical fibres could be seen across the thickness of the nacre platelet. The vertical fibres could be the tips of longer stacking fibres, as observed earlier in Fig. 4 . Fig. 5(c) and (d) show the top view of the fracture edge at two different magnifications. At low magnification, the outline of each individual platelet can be observed with the jagged edges indicating that the hexagonal shape platelets shape remain largely intact from the fracture. At higher magnification, the fibrous aragonite can be seen arranged in an ordered framework, which could have acted as a reinforcing agent for each individual platelet, preventing the platelet from cracking owing to the impact.
The fibrous nanostructure within the nacre platelets could provide the missing link for the structural hierarchy at the nano-scale level that contributed to the remarkable enhancement of the mechanical properties. Important mechanical property enhancement features that we can observe and learn from the current study are firstly the construct of the hierarchical structure that spans from nanoto micro-scale level allows synergetic dissipation of energy to enhance survivability. Secondly, manipulation of the anisotropic behaviour of the structured material allows maximum protection in a certain direction or area that is most vulnerable to damage. Lastly, structured materials have to achieve long-range ordering and close-packing in order to enable reliable and consistent protection over a selected direction or area of impact. 
Conclusions
In conclusion, we have presented the crystallographic analysis of P. canaliculus mollusc shell's nacreous layer showing the strong preferred orientation using X-ray diffraction by comparison between a bulk nacre plate and ground nacre powder. Using a chemical etching approach to study the internal structure of nacre platelets, we uncovered a novel highly ordered fibrous aragonite nanostructure framework that has not been reported in any earlier articles. Each nacre hexagonal platelet was found to contain six rows of fibres cluster packed in a six-fold rotational symmetry pattern around its core at an angle of 60°between fibres. Fracture analysis shows that the fibrous aragonite framework remains largely intact, which indicates the strengthening nature of the elusive internal structure. The three-dimensional highlyordered nanostructure framework in nacre could fill the gap to the understanding of the complex growth mechanism and could serve as a guide to the future biomimetic design of artificial nacre-like, high strength, tough composite materials. We suggest future work to focus on using the current method to examine other species of mollusc shells, the study of the biomineralisation process of fibrous aragonite and the correlation of the material structure-property relationship to better understand fibrous aragonite's role in the enhancement of the mechanical properties of structured composites.
